WE3C_01

Proceedings of ISAP 2014, Kaohsiung, Taiwan, Dec. 2-5, 2014

Experimental Study on Permittivity Estimation
Method for UWB Internal Imaging Radar

Toshiki Manaka®, Shouhei Kidera? and Tetsuo Kirimoto?
! Graduate School of Bioengineering, The University of Tokyo, Japan
2 Graduate School of Informatics and Engineering, University of Electro-Communications, Japan
Email: kidera@ee.uec.ac.jp

Abstract—Ultra-wideband (UWB) radar, with high range
resolution and ability of penetrating dielectric media, has a
great potential for innovative non-destructive testing for aging
roads or bridges or non-invasive medical imaging. We have
already proposed an accurate permittivity estimation method
for a homogeneous dielectric object based on the geometrical
optics (GO) approximation, where dielectric boundary points
and their normal vectors are directly reproduced by the
range point migration (RPM) method. In addition, the finite-
difference time domain (FDTD) based waveform reconstruction
method was incorporated to compensate for errors incurred by
the GO approximation. This paper shows the experimental
investigation of this method, where the new approach for
suppressing the creeping wave along dielectric boundary is
introduced. The results from real observation data validate
its effectiveness, in terms of highly accurate permittivity esti-
mation and buried object boundary reconstruction.

Index Terms—UWB radars, Range points migration (RPM),
Permittivity estimation, Non-destructive testing

I. INTRODUCTION

Ultra-wideband (UWB) radar holds high range resolution
and a feature for penetrating a dielectric medium, and is
promising for various internal imaging applications, such
as non-destructive sensing or non-invasive medical imaging.
There are various studies for medical imaging for breast
cancer detection at an early stage, where a distinguishable
echo from malignant tumor is used for localization [1].
Howeyver, these studies are based on the classical recon-
struction algorithms, such as beam forming or synthetic
aperture approach, and such approaches suffers from the
limited spatial resolution and reconstruction accuracy and
an intensive computation burden. To be more suitable for
these applications, we have already proposed an accurate
and fast imaging method [2] for targets buried into dielectric
medium by extending the range points migration (RPM)
method [3]. Although this method offers an accurate in-
ternal target image for arbitrary shape in a homogeneous
media, it requires a combination use of accurate permittivity
estimation method to maintain its imaging accuracy. As
a low computational and accurate permittivity estimation
method, we have proposed a novel approach by employ-
ing outer dielectric boundary accurately reconstructed by
RPM and the propagation path estimation based on the
geometrical optics (GO) approximation [4]. In addition, this
method employs the finite difference time domain (FDTD)
method for compensating the estimation error caused by
the GO approximation, that is, the transmissive waveform
significantly differs from the transmitted one. Since the
former study only assesses this method through numerical
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Fig. 1. System model.

simulation, this paper experimentally validates this method,
where the new approach for suppressing the creeping wave
propagating is introduced by using accurately outer dielectric
boundary reconstructed by the RPM. The results verify the
distinguished feature of the proposed method, that is, an
highly accurate internal imaging and permittivity estimation
are achieved simultaneously with the experimental data.

II. SYSTEM MODEL

Figure 1 shows the system model. A dielectric object is
assumed to be a homogeneous, non-dispersive, and lossy
medium. One omni-directional transmitting antenna is lo-
cated at r7 = (X, YT). One receiving antenna is located
at rr; = (XR1,YRr1), where 7¢ = (rr1 + 71)/2 holds.
The other antenna is located at rro = (Xg2, Yr2), which
is adjacent to the transmitting antenna. The distance from
these three antennas to target center r¢ = (Xc¢,Yc) is
set to Rc. The dielectric object is rotated along the center
location r¢. A mono-cycle pulse is used as the transmitting
signal, the center wavelength of which is defines as A.
Sr1(Tr1; R) and Sgro(rgre; R) are defined as the outputs
of the Wiener filter at antenna positions rgr; and rRo,
respectively, where R = ct/2 is expressed by time ¢ and
the propagation speed of the radio wave c. The range points
extracted from the local maxima in Sg; and SR are defined
as gy = (XRi1,Yr1, Br1) and gy = (XR2, YRo, RRr2),
respectively.

III. PROPOSED METHOD

The methodology of the proposed method is described
as follows. First, this method obtains the outer dielectric
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boundary points and their normal vectors by applying the
RPM method to range points qRQ. Here, q% denotes the
range points having maximal amplitude of s(ggs), and ggo
except for gk, are defined as gf,. To obtain target points
and normal vectors on the dielectric boundary with a suffi-
ciently small interval, the Envelope interpolation described
in [5] is introduced. In most cases, the creeping wave,
propagating along outer dielectric boundary is included in
the received signal Sgr;, and should be suppressed for
permittivity estimation. Here, the propagation distance of the
creeping wave from r1 to rg; is calculated :

Rcreep (T'T7 TR1 ) -

02
[ R+ 2~ 5561+ s~ 5561, 1)
1

where R(0) denotes the radius of the dielectric outer bound-
ary from rc, that is estimated using the Envelope method.
pP(61),pP(62) are incident and emission points on the
dielectric boundary Tgy,, for the creeping wave, which are
determined by the condition that their normal vectors are
perpendicular to the radial direction from the transmitting
and receiving antennas. In this case, the range points gg;
satisfying |Rr1 — Rereep(TT,TR1)| < J are eliminated, and
the remaining range points are defined as gp; .

Second, to estimate the dielectric constant for a surround-
ing outer medium, this method minimizes the difference be-
tween an observed and estimated propagation delay. Namely,
the relative permittivity calculated for each range point as
gR; ; is determined as:

2
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where R(e;; Xle ?Rl,i) is the estimated propagation delay
using the Envelope boundary points 7gy,, and their normal
vectors determined by the GO approximation detailed in
[4]. Using all transmissive range points, the initial relative

permittivity €™ is estimated as:
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where Q@ = {@ryl|e: (@r1:) — | < A}, where &
is the mode value in € (Gg; ;) and A is the threshold
to eliminate outliers. Third, to reduce the estimation error
caused by the waveform mismatch between transmitted
and transmissive waves, the compensation scheme based
on FDTD signal regeneration is applied [4]. Lastly, the
boundary of the buried target is reconstructed using the
extended RPM method in [2].

IV. PERFORMANCE EVALUATION IN EXPERIMENT

Figure 2 shows the scene of the experimental setup. The
cylindrical aluminum (target) is buried into the cylindrical
cement (dielectric medium), where both heights of them
are 250 mm. Each radius of cement and aluminum object
is 139 mm and 25 mm, respectively. The distance from
the antenna to the target rotating center as (Xc¢,Yc) =
(400mm, 400mm) is 400mm. The received signals are ob-
tained by the VNA (Vector Network Analyzer), where the
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Fig. 2. Experimental setup.
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Fig. 3. Reconstructed outer and inner dielectric boundary (right: enlarged
image for inner boundary).

frequency is swept from 50 MHz to 5550 MHz with 10 MHz
interval. Sgy, Sgro are obtained by applying the inverse dis-
crete Fourier transform to these frequency data. The effective
bandwidth and center frequency are both 2.0 GHz, where the
range resolution is 75 mm. The actual relative permittivity
of the dielectric object (cement) is measured as 9.07 by
assessing the propagation delay in observing the cement with
cuboid shape. The estimated relative permittivities before
and after waveform compensation are 8.52 and 8.80, and the
relative error are 6 % and 3% respectively. Fig. 3 shows the
estimated dielectric boundary and the buried target boundary
points reconstructed by the method described in [2], before
and after waveform compensation. The mean error for per-
mittivity estimation before and after waveform compensa-
tions are 1.98 x 1072 and 0.97 x 10~2), respectively. This
result verifies that the FDTD based waveform compensation
effectively contributes to the accuracy enhancement for inner
object imaging.
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